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Visible-light active photocatalysts were prepared by doping Cu-TiO2 through the sol-gel method. The
inﬂuence of the preparation conditions such as pH of sol-gel solution and calcination temperature on the
properties of TiO2-Cu was investigated. The presence of Cu caused reduction of band-gap energy, which
was more visible in the rutile-type TiO2. Low pH of sol-gel solution such as pH 1.5 favorized formation of
rutile during calcination and caused slower growth of the crystallites with increasing temperature of
calcination in comparison with sol-gel prepared at pH 3. XPS measurements showed that Cu was placed
mostly on the surface of TiO2. For sample calcined at 600 C, the surface concentration of copper was
1.1 wt.%. The presence of both, rutile phase and Cu, increased adsorption of phenol and facilitated its
photocatalytic decomposition. Moreover, reduced band-gap energy in rutile-type TiO2-Cu photocatalyst
enabled phenol decomposition under visible light.
Keywords phenol mineralization, rutile-type TiO2, sol-gel, visible-
light activity
1. Introduction
TiO2 has been widely studied in the literature due to its
several good properties, such as low cost, nontoxicity, physical
and chemical stability, and high photocatalytic activity (Ref 1, 2).
Because of these excellent properties, TiO2 has become one of
the most commonly used photocatalysts in the photodegradation
of pollutants in both media, water and air (Ref 3-5). However,
TiO2 has the wide band-gap energy that limits its application in
the visible range (Ref 6-8). Therefore, many studies have been
performed to extend the light absorption of TiO2 from UV to
visible light, in order to extend its photocatalytic properties. For
this purpose, doping of impurities or different surface modiﬁ-
cations are commonly used (Ref 9-12). Particularly, metals and
non-metals doping has been widely studied in TiO2 synthesis by
sol-gel method (Ref 13-16). For example, copper as a metal
dopant in TiO2 can form an additional band. According to Guo
and Du (Ref 17), Cu doping to TiO2 can induce some doping
states near the top of valance band, and thus, both enhance the
visible absorption in the range of 400-1000 nm by Cu 3d-Ti 3d
optical transition and extend the recombination pathway of
e/h+ pair. However, conditions of the sol-gel synthesis as well
as heat treatment temperature play an important role in
incorporation of Cu to the TiO2 lattice (Ref 18). These
preparation conditions determine position of dopant in TiO2
structure and as a consequence conduct to the different activities
of TiO2. Therefore, the copper dopant can inﬂuence on the
formation of phase composition as well as crystallites of TiO2.
Sahu et al. (Ref 19) reported that increasing the copper dopant
concentration promotes an anatase to rutile phase transformation,
decreased crystalline nature, and primary particle size.
On the other hand, another factors like sort of used Cu and
TiO2 precursors, pH of sol-gel solution, and calcination
temperature can be also considered as the crucial factors
inﬂuencing on the properties of the ﬁnal TiO2 photocatalyst. It
has been proved that the properties of the ﬁnal product depend
on both, TiO2 and copper precursors, used for sol-gel synthesis
(Ref 20-23). The TiO2 precursors like titanium isopropoxide
(TIP), titanium tetrachloride (Ref 24-26), and copper precursors
like CuSO4, CuCl2, and Cu(NO3)2 (Ref 27-29) can be
successfully used for this purpose. Additionally, it was found
that sol-gel synthesis carried out at pH about 3 resulted in the
most photoactive ﬁnal product (Ref 30, 31). However, at the
stronger acid conditions, the reverse effect of the photocatalytic
activity of TiO2 was observed. It is commonly known that
calcination temperature also inﬂuences on the material proper-
ties of the ﬁnal product. Generally, promotion of rutile phase as
well as growth in crystallites size with increasing temperature
of calcination was observed. In our previous study (Ref 32), it
has been shown that rutile phase with relatively small
crystallites (ca. 20-60 nm) can be successfully used for
mineralization of phenol in water under visible light. Therefore,
in the following studies, preparation of rutile-type TiO2 by sol-
gel method was performed with focusing on obtaining of
relatively small size crystallites. This is possible by selecting
the proper conditions of preparation such as pH, the compo-
sition of ingredients, and also calcination temperature and
heating rate. Rutile is basically less active than anatase under
UV light irradiation, which can be active under visible light, but
important is to increase the mobility of induced holes to the
photocatalyst surface. This mobility could be improved when
the size of rutile crystallies would be reduced and when charge
recombination would be retarded. Within the proposed sol-gel
method and following calcination some TiO2/Cu samples were
prepared with relatively small crystallites size of rutile. It was
proved that addition of Cu prevents against rapid growing of
rutile crystals during calcination. Cu can be also electron
acceptor and therefore can retard recombination of free carriers
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after light excitation. Modiﬁcation of TiO2 by Cu can
additionally reduce the energy of band gap, facilitating activity
of this photocatalyst under visible light. The band-gap reduc-
tion after modiﬁcation of TiO2 with cooper can higher when
rutile phase of TiO2 is present.
In this paper, the sol-gel preparation of TiO2 doped with Cu
is presented. The preparation procedure consists of two steps:
sol-gel synthesis followed by the thermal treatment. Cu
(NO3)2Æ3H2O was used as a copper precursor. Two sol-gel
solutions at different pH conditions were prepared (pH 3 and
1.5). Such obtained amorphous TiO2 was submitted to thermal
treatment at different temperatures, from 400 to 600 C for 1 h.
2. Experimental
2.1 Materials
TIP (TTiP, 97.0% purity) purchased from Sigma-Aldrich
Chemie GmbH (Germany) was used as TiO2 precursor. For
doping TiO2 with copper, copper(II) trioxonitrate(V) (99.9%
purity) purchased from Poch S.A. (Poland) was added to the
sol-gel solution. Nitric acid received from Chempur (Poland)
was used for controlling of pH. Phenol of analytical grade
purchased from Reactivul Bucaresti (Romania) was used as a
model organic pollutant. All the intermediate reagents were
used as received, without any extra puriﬁcation. P-25 titanium
dioxide (Evonik, Germany) was used as a commercial reference
material.
2.2 Catalysts Preparation
2.2.1 Sol-Gel Synthesis. The sol-gel process was carried
out at ambient conditions. Two sol-gel solutions were
prepared which differed pH. In the ﬁrst step, 0.033 g of
copper(II) trioxonitrate(V) was diluted in 500 mL of ultra-
pure water under magnetic stirring (300 rpm). Next 29.7 mL
of TIP was diluted with equivalent volume of 2-propanol and
0.1 mL of nitric acid. The obtained transparent solution was
slowly dropping into copper(II) trioxonitrate(V) solution.
During dropping (ca. 20 min.), mixture was magnetically
stirred in air. After dropping, the obtained solution (solution I)
was mixed for 2 days, and the white colloidal suspension was
obtained with pH equaled about 3. The second sol-gel
solution (solution II) was obtained in the same way as
solution I but with higher amount of nitric acid used. By this
way, transparent solution was obtained, and the measured pH
of this sol was about 1.5.
In the second step, the obtained solutions were submitted to
the aging process for 4 days in ambient conditions. The aging
process was carried out in a dark without any mixing. After
that, the solutions were subjected to the heat treatment. For
comparison, TiO2 without addition of any copper salt was also
prepared according to these two procedures mentioned above.
2.2.2 Heat Treatment Process. Obtained sol-gel solu-
tions were submitted to evaporation in a vacuum evaporator
and then were dried in a drier at 70 C overnight and
subsequently followed calcination at different temperatures,
from 400 to 650 C. The samples were kept at the ﬁnal
temperature for 1 h.
The color of the prepared samples was from white-green to
slightly grayish. The samples are identiﬁed on the basis of the
sol-gel solution type (I and II) and calcination temperature
using the following scheme as an example: I-400-TiO2/Cu
denotes sol-gel solution I and calcination temperature of
400 C, II-550-TiO2/Cu denotes sol-gel solution II and calci-
nation temperature of 550 C, and so on. Similarly, the
nomenclature of the samples obtained without copper precursor
is as follows: I-400-TiO2, II-550-TiO2, and so on.
2.3 Characteristics of the Prepared Photocatalysts
Several methods, including x-ray diffraction (XRD) analysis
and UV-Vis/DR spectroscopy, were used to characterize
obtained photocatalysts. The XRD patterns were measured
with XPert PRO diffractometer (Philips), using Cu Ka lamp
(k = 1.54439 A˚, 35 kV, 30 mA). in Bragg-Brentano conﬁgu-
ration. The Cu Ka radiation (Ka1 = 0.154056 nm;
Ka2 = 0.154439 nm; 35 kV 30 mA) was applied. Kb was
removed with the ﬁlter while Ka2 with the numerical procedure
of Rachingers method. The Philips HighScore plus software
(Pdf4+ database) was used for phase identiﬁcation. XRD
patterns were measured to determine the average sizes of titania
crystallites and to estimate relative phase compositions, i.e.,
shares of anatase, rutile, and brookite in the prepared photo-
catalysts. Both, average crystallites size and relative content,
were evaluated based on (101), (110), and (211) reﬂexes for
anatase, rutile, and brookite, respectively. The Scherrer formula
expressed in Eq 11 was applied (Ref 33):
d ¼ KkðB bÞ cos h ; ðEq 1Þ
where d—the average crystallite size; K—shape factor; k—x-
ray wavelength; B—line width (FWHM) originating both
from crystallite sizes and instrumental broadening; b—line
width originating solely from instrumental broadening; h—re-
ﬂex position.
The shape factor 0.94 was assumed, and the broadening of
the reﬂex is originating solely from instrumental broadening
and the size of the crystallites. The instrumental broadening
was estimated by the measurement of silicon reference sample
for several reﬂexes and interpolation for anatase (101), rutile
(110), and brookite (211) positions.
The percentage content of each phase in the obtained titania
powders was calculated using following equation:
XR ¼ 0:41IR
0:41IR þ 0:31IA þ IB ðEq 2Þ
where XR—weight fraction of rutile; IR, IA, and IB—integral
intensities of rutile (110), anatase (101), and brookite (211)
peaks.
The formula was obtained by utilization of reference
intensity ratio (RIR) factors from PDF-4+ database. The cards
of reference codes 01-088-1172, 01-071-1168, and 01-076-
1937 were used for rutile, anatase, and brookite, respectively. If
there is no brookite in titania powder, then obtained formula is
similar to that one given by Inagaki et al. (Ref 34). However,
there is a negligible difference of factors (0.75 versus 0.79).
Quantitative fraction of copper in the photocatalysts was
determined by atomic emission spectroscopy with inductively
coupled plasma ICP-OES (spectrometer Optima 5300 DV,
Perkin Elmer).
Concentration of copper on TiO2 surface and its binding
energy were measured by XPS method. The x-ray photoelec-
tron spectra (XPS) were obtained in a multipurpose three-
chamber ultrahigh vacuum (UHV) surface analysis system
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(Prevac) operating at base pressures 10-11 mbar range. The
sample prior measurement was degassed in vacuum dryer at
100 C for 24 h. Next the sample was placed as a powder to
sample holder. Horizontal transfer of the sample holder during
whole procedure enables measurement of powders without
special mounting; thus, it eliminates the possibility of appear-
ance of the signals originating from the other than sample
sources. The spectra were obtained using Al Ka
(h = 1486.6 eV) radiation with use of Scienta SES 2002
spectrometer operating at constant transmission energy
(Ep = 50 eV). The substantial charging of the powder was
observed. Therefore, correction of binding energy was per-
formed based on titania Ti 2p3/2 signal (458.46 eV (Ref 35)).
UV-Vis/DR spectra were recorded using UV-Vis diffuse
reﬂectance spectrophotometer (Jasco V-650, Japan), equipped
with an integrating sphere. The band-gap energies were
evaluated from the diffuse reﬂectance data, by plotting of the
Kubelka-Munk function, (F(R)ht)1/2 versus ht, where
R—reﬂectance, h—Planck constant, t—frequency, and
F(R) = (1R)2/2R (Ref 36-39).
The photocatalytic activity of the prepared samples was
investigated for phenol decomposition under visible-light
irradiation. The commercial TiO2 P-25 of Evonik company
was used as a reference sample. At ﬁrst, 500 mL of phenol
aqueous solution (20 ppm) and 0.1 g of a photocatalyst were
loaded into a glass beaker and were agitated with a magnetic
stirrer (300 rpm) for 30 min in a dark in order to establish an
adsorption/desorption equilibrium. Afterward, the mixtures
were irradiated using OSRAM light bulb (60 W) for 24 h.
The measured intensity of the reﬂux light was around
223.5 W/m2 in the Vis region and 0.18 W/m2 in UV.
After every 24 h of irradiation, 10 mL of each suspension
was ﬁltrated through the 0.45 lm membrane ﬁlter and taken for
analyses of total organic carbon (TOC) in multi N/C 3100
analyzer (Analitic Jena Germany).
3. Results and Discussion
3.1 Phase Composition of Photocatalysts and BET Surface
Area
XRD patterns collected for all the prepared materials as well
as for the commercial P-25 are shown in Fig. 1.
The XRD patterns of the samples synthesized at higher pH
(around 3) and calcined at 400 C (Fig. 1a, I-400-TiO2/Cu)
reveal two coexisted phases of TiO2, anatase, and brookite,
whereas in the case of samples calcined at the same temperature
but hydrolyzed at lower pH (around 1.5) (Fig. 1b, II-400-TiO2/
Cu) additionally rutile phase of TiO2 appeared. Increase of the
calcination temperature to 600 C led to the increasing in the
intensity of anatase peaks (at 2h = 25.3, 37.7, and 47.9) in
the samples from Series I but decreasing in case of those from
Series II. Transformation of anatase to rutile occurred in the
samples from series I at 550 C simultaneously with increasing
intensity of anatase peaks, whereas in case of sample from
Series II calcined at 550 C, rutile phase of TiO2 was dominant.
In general, samples calcined from Series II revealed transfor-
mation to rutile at lower temperature than in case of Series I and
faster disappearance of brookite. Finally, the calcination at
650 C of sample from Series I (I-650-TiO2/Cu) resulted in
phase mixture of anatase and rutile, while in the case of sample
from Series II (II-650-TiO2/Cu), the rutile phase existed only.
However, XRD analysis did not indicate the presence of any
copper phases. Probably the amount of Cu in the prepared
TiO2-samples was out of the detection limit. Similar behavior
of phase changing during calcination temperature was observed
for both series (I and II) of TiO2 samples prepared without
addition of Cu salt. XRD patterns for TiO2 samples itself are
not shown here; however, the changes of phase composition of
TiO2 and TiO2-Cu with increasing temperature of calcination
are shown in Fig. 2.
From these results, it can be assumed that low pH of sol-gel
solution such as pH 1.5 promotes formation of rutile phase of
TiO2. These observations are in a good agreement with those
reported by the other authors (Ref 40, 41). This mechanism
may be explained by using the concept of partial charge model
(Ref 42, 43). According to this model, hydrolysis of the
titanium cation occurs at low-acidic pH. First, the stable species
of [Ti(OH)(OH2)5]
3+ are formed in the hydrolysis process
under strong acid conditions. However, due to the positive
charge of hydroxo group, these species are not able to
condense. Moreover, when acidity is not sufﬁciently low to
stabilize these precursors, deprotonation takes place, forming
new species of [Ti(OH)2(OH2)4]
2+, which also does not
condense. Probably the reason of this fact is spontaneous
intramolecular oxolation to [TiO(OH2)5]
2+. However, conden-
sation to both anatase and rutile starts when the solution activity
is sufﬁciently high to allow further deprotonation to [TiO
(OH)(OH2)4]
+, which can undergo intramolecular deoxolation
to [Ti(OH)3(OH2)3]
+, depending on the exact pH. In the lower
pH region, deoxolation does not occur, and oxolation leads to
linear growth along the equatorial plane of the cations. This
reaction leads to rutile formation, due to oxolation between the
resulting linear chains. On the other hand, at higher pH values,
when deoxolation takes place, condensation can proceed along
apical directions and leads to the skewed chains of the anatase
structure. Therefore, based on this study, it is suppose that the
determination of resulting crystal phases is affected by pH of
sol-gel synthesis and then calcination temperature. With
increasing temperature of calcination, the intensity of rutile
peaks increases, while the intensity of both anatase and
brookite decreases. Calcination at ever higher temperature
favors the sintering of anatase crystallites and promotes rutile
transformation (Ref 44). Moreover, the disappearance of the
peaks assigned to the brookite with an increase of calcination
temperature can indicate that brookite also undergoes transfor-
mation to the rutile phase, which was reported by the others
authors (Ref 45). Therefore, formation of crystalline phase of
TiO2 can be controlled by both, the pH of sol-gel synthesis and
temperature of calcination. For the sample prepared at the
presence of a copper salt at pH solution = 1.5, rutile phase was
formed more preferentially during calcination than for TiO2
solution used only. At 500 C, sample I-500-TiO2/Cu consisted
from almost 80% of rutile, whereas I-500-TiO2 exhibited rutile
in the amount of around 20%. However, at pH solution = 3.0
was opposite, Cu retarded phase transformation of anatase onto
rutile.
The changes of crystallites size with increasing temperature
of calcination are shown in Fig. 3. The interconnecting lines
between points depict the trend growth of TiO2 crystallites.
The TiO2/Cu samples calcined at 400 C showed crystallites
size of anatase around 9.1-9.7 nm. Anatase was growing up
with increasing the calcination temperature; however, in case of
TiO2/Cu samples from series II, this growth was partly
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inhibited due to the fast transformation of anatase to rutile.
Therefore, sample I-650-TiO2/Cu showed average crystallite
size of anatase of around 70 nm whereas sample II-650-TiO2/
Cu around 29 nm. Crystallites of rutile appeared in sample II-
400-TiO2/Cu with average size of 20 nm and share of 27%.
The share of rutile phase and its crystallites size were gradually
increasing with increase of calcination temperature in both
series of samples; however, in case of samples from series I
(TiO2/Cu and TiO2), rutile appeared quantitatively at 600 and
550 C, respectively, and then its crystallites ambiguously
increased reaching around 172 and 160 nm at 650 C. In case
of TiO2/Cu samples prepared from solution II, the crystallites of
rutile were increasing slower, and their average size at 650 C
was 61 nm. The similar results were obtained by the other
authors (Ref 46-49).
The amount of copper incorporated into TiO2 was veriﬁed
by ICP-OES measurements. Mass fraction (%) of copper in the
selected catalysts of both series is as follows: 0.064, 0.067, and
0.076 for I-400-TiO2/Cu, I-600-TiO2/Cu, I-650-TiO2/Cu and
0.079, 0.081, 0.085, and 0.077 for II-400-TiO2/Cu, II-550-
TiO2/Cu, II-600-TiO2/Cu, and II-650-TiO2/Cu, respectively.
Performed quantitative analyses showed that the amount of
copper in the prepared samples was very small, below 1 wt.%.
However, the samples synthesized at lower pH (1.5) exhibited
somewhat higher amount of copper in comparison to those
synthesized at pH 3. Incorporation of Cu in TiO2 is probably
connected with the presence of rutile phase. It is already known
that anatase as well as brookite are metastable phases which can
be transformed to rutile during heat treatment process. This
stable rutile phase has more developed surface defect sites in
comparison to the anatase or brookite ones, and therefore, it can
successfully attract different dopants, for example, copper.
Insigniﬁcantly higher content of Cu in the samples heated at
higher temperature in comparison with those calcined at lower
Fig. 1 (Color online) XRD patterns for P-25 and TiO2/Cu samples of (a) series I and (b) series II, where A—anatase, B—brookite, R—rutile,
A-B—anatase peak overlapped with brookite
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Fig. 2 (Color online) The changes of phase composition with increasing temperature of calcination, (a) TiO2/Cu—series I, (b) TiO2/Cu—series
II, (c) TiO2—series I, and (d) TiO2—series II
Fig. 3 (Color online) The changes of crystallites size with increasing temperature of calcination, (a) TiO2/Cu—series I, (b) TiO2/Cu—series II,
(c) TiO2—series I, and (d) TiO2—series II
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one was connected with decreasing the content of organic
compounds during burning. Thus, the total mass of sample was
reduced, and then the share of copper was higher.
BET surface area was measured for some of TiO2/Cu
samples. For the sample I-400-TiO2/Cu, BET surface area was
130.3 m2/g, whereas for II-400-TiO2/Cu, BET surface area was
much lower, only 68.8 m2/g. It is connected with the crystal-
lites size: the former one consisted with the average crystallites
size for all the phases below 20 nm, whereas the latter one had
already rutile crystallites, over 20 wt.% with an average size
around 20 nm. During calcination process, the crystallites were
growing up, and as a consequence, BET surface area was
reduced; for I-500-TiO2/Cu sample, it was estimated to be
16.8 m2/g and for II-500-TiO2/Cu—12.9 m
2/g, whereas for
these samples heated at 550 C, it was even lower, 9.8 and
9.9 m2/g for I-550-TiO2/Cu and II-550-TiO2/Cu, respectively.
3.2 XPS Measurements
In Fig. 4, the XPS spectra are presented for sample I-600-
TiO2/Cu. The surface concentration of copper is 0.4 or
1.1 wt.%. It is more than determined by ICP method and
indicates that copper is located over surface of titania. The poor
signal to noise ratio in case of Cu 2p spectrum is a result of very
low concentration of Cu in the sample. The position of Cu 2p3/2
signal is 932.4 eV. This can be attributed to either Cu1+
(932.18 eV, Ref 1), or Cu0 state (932.63 eV, Ref 35; 932.7 eV,
Ref 50). The Cu2+ (933.76 eV, Ref 35) can be excluded
because of lack of shake-up signals characteristic for CuO or
Cu(OH)2 compounds. Signal O 1s was at 530.0 eV what is in
excellent agreement with the literature data (Ref 35).
3.3 UV-Vis/DR Spectroscopy
The UV-Vis/DR spectra measured for obtained and P-25
reference sample together with band-gap energies calculated
using the Kubelka-Munk reemission function are shown in
Fig. 5.
Based on the UV-Vis/DR spectra of the samples of both
series, listed in Fig. 5, the changes in the adsorption spectra
with increase of calcination temperature can be noticed. It is
found that with increasing calcination temperature, the adsorp-
tion in the visible region increased. Additionally, the red
shifting of the adsorption edge took place resulting in the
Fig. 4 XPS spectra of I-600-TiO2/Cu sample. Relatively high noise in case of Cu 2p signal is result of low copper concentration
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decrease in the value of the band-gap energy. The most
dynamic changes in the adsorption edge as well as in reducing
the energy of the band gap were observed between TiO2/Cu
samples of series I calcined at 500 and 550 C, whereas in case
of TiO2/Cu samples of series II, the same changes were
observed between samples calcined at 450 and 500 C. For
TiO2 samples, reduction of the band-gap energy with increasing
calcination temperature was also observed but to lower value
than it was observed for TiO2/Cu series. According to the
literature (Ref 51-53), the shifting of the adsorption edge as
well as the decreasing value of band-gap energy can be related
to the changes in the phase composition of TiO2. Rutile phase
has lower energy of the band-gap than anatase and brookite;
therefore, at the presence of rutile, the red shifting of the
adsorption edge was higher. Additionally, doping Cu to TiO2
causes shifting of the absorption edge to the higher values (Ref
54, 55). All the prepared samples revealed two advantages in
comparison to P-25: higher adsorption in the visible region and
the red shifting of the absorption edge.
3.4 Photodegradation of Phenol
Adsorption of phenol after an establishing adsorption-
desorption equilibrium and photocatalytic mineralization of
phenol after 24 h of visible-light irradiation on prepared
samples and P-25 are presented in Fig. 6.
The adsorption ability of TiO2 photocatalysts toward phenol
is increasing with increasing calcination temperature, and it is
higher for samples consisted with rutile and Cu. Thus, the TiO2/
Cu samples of series II calcined at 600 and 650 C had the
highest adsorption capacity among the other samples. It can be
deduced that at the absence of Cu, higher adsorption of phenol
occurs on the rutile phase. In the literature, it can be found that
P-25 adsorbs phenol in the quantity of 53 lmol/g (Ref 56);
Fig. 5 UV-Vis/DR spectra and band-gap energies of P-25 and prepared TiO2 photocatalysts of: (a) TiO2/Cu—series I, (b) TiO2/Cu—series II,
(c) TiO2—series I, and (d) TiO2—series II, where R—lights reﬂectance, Eg—band-gap energy evaluated by the Kubelka-Munk function
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however, in these studies, the adsorption of phenol on P-25
was not noticed. It can be caused by the shorter time of
adsorption process carried out in these measurements than in
the other ones, before reaching adsorption maximum. On the
TiO2 samples prepared by sol-gel method, the quantitative
adsorption occurred within 1 h, and the same time was kept
for all the measured samples. Maybe for P-25, this time was
not enough to reach adsorption-desorption equilibrium. Min-
eralization of phenol was somewhat higher on the TiO2/Cu
samples than TiO2, calcined at higher temperature, such as
600 and 650 C (II-600-TiO2/Cu and I-650-TiO2/Cu). These
samples exhibited low energy of the band gap, Eg = 2.83 and
2.85 eV, respectively. These low values of Eg were caused by
both, the presence of rutile and incorporation of Cu. The
presence of Cu on TiO2 surface is beneﬁcial because it
increases adsorption abilities toward phenol, can retard
recombination by the possible electron scavenging, and also
reduces band-gap energy of rutile enabling visible-light
activation. Preparation of TiO2/Cu at low pH such as 1.5
causes formation of rutile at early stages, and then its
calcination at 600 C is effective for making photocatalyst
active under visible light.
Fig. 5 continued
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4. Conclusions
Low pH of sol-gel solution (1.5) favors formation of rutile
during calcination and causes faster transformation of brookite
to rutile within increasing of heat treatment temperature. This
effect is enhanced at the presence of copper salt. At this low pH
of sol-gel the particles of TiO2/Cu are more stabilized than at
higher pH and sol-gel without Cu because with increasing
calcination temperature, there is observed the gradual growth of
rutile and anatase, whereas at pH = 3, above 500 C, these
crystallites start to grow rapidly.
Doping Cu to TiO2 caused shifting the absorption edge to
the visible region and signiﬁcant reduction of band-gap energy.
This effect was more noticeable at higher temperature of
calcination, in case of solution I (pH = 3) ‡ 550 C, at
lower pH of sol-gel solution (pH = 1.5), when temperature
was ‡ 500 C.
Photocatalytic degradation of phenol was more effective on
rutile-type TiO2 doped with Cu, which revealed low energy of
band gap (2.83-2.85 eV) and relatively high adsorption of
phenol in comparison to other samples. Preferential location of
Cu on TiO2 surface-enhanced photocatalytic activity of rutile
under visible light.
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